Sphingolipids play a pivotal role in the pathogenesis of chronic obstructive pulmonary disease (COPD). However, little is known about the precise roles of sphingosine-1-phosphate (S1P), a bioactive sphingolipid metabolite, and its receptor modulation in COPD. In this study, we demonstrated that the S1P receptor modulator ONO-4641 induced the expansion of lung CD11b + Gr-1 + cells showed higher arginase-1 activity, decreased T cell proliferation, and lower IFN-γ production in CD3 + T cells, similar to the features of myeloid-derived suppressor cells. ONO-4641 treatment decreased airspace enlargement in elastase-induced and cigarette smoke-induced emphysema models and attenuated emphysema exacerbation induced by post-elastase pneumococcal infection, which was also associated with an increased number of lung CD11b 
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Sphingolipids play a pivotal role in the pathogenesis of chronic obstructive pulmonary disease (COPD). However, little is known about the precise roles of sphingosine-1-phosphate (S1P), a bioactive sphingolipid metabolite, and its receptor modulation in COPD. In this study, we demonstrated that the S1P receptor modulator ONO-4641 induced the expansion of lung CD11b + Gr-1 + cells showed higher arginase-1 activity, decreased T cell proliferation, and lower IFN-γ production in CD3 + T cells, similar to the features of myeloid-derived suppressor cells. ONO-4641 treatment decreased airspace enlargement in elastase-induced and cigarette smoke-induced emphysema models and attenuated emphysema exacerbation induced by post-elastase pneumococcal infection, which was also associated with an increased number of lung CD11b 
Gr-1
+ cell populations and inducing lymphocytopenia. The S1P receptor might be a promising target for strategies aimed at ameliorating pulmonary emphysema progression.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a major cause of death worldwide. 1, 2 COPD is characterized by a not-fully reversible airflow limitation, which is usually progressive and associated with chronic inflammatory and immune responses of the lungs. 3 COPD not only causes high mortality but also affects disability, healthrelated quality of life, and economic burden, which is further enhanced by COPD exacerbation. 1, 4 The foremost pathological component of COPD is emphysematous lung destruction resulting from pathological processes initiated by cigarette smoke (CS) in most cases. Emphysema pathogenesis involves activation of a complex network of various inflammatory cells, such as neutrophils, macrophages, lymphocytes (CD4 + T cells, CD8 + T cells, and B cells) organized into follicles. 5 Additionally, oxidative stress, extracellular matrix proteases such as MMP-12, and alveolar cell apoptosis also contribute to alveolar destruction in emphysema. 6 Sphingolipids are constituents of cellular membranes implicated in cellular homeostasis. 7 Notably, ceramide, a common sphingolipid structural component, plays a central role in the sphingolipid signaling pathway mediating or regulating many cellular processes, including cell cycle, apoptosis, senescence, and stress responses. 8 Elevated ceramide levels in the lungs have been reported to contribute to lung parenchymal destruction in both COPD patients 9 and an apoptosis-dependent emphysema model caused by the blockade of the vascular endothelial growth factor (VEGF) receptors in rats and mice. 10 Moreover, the signaling mediated by sphingosine-1-phosphate (S1P), a downstream prosurvival ceramide metabolite, determines cell fate, and lung remodeling responses. 11 Furthermore, plasma sphingolipids are associated with specific COPD phenotypes, such as emphysema and conditions characterized by frequent COPD exacerbation. 12 These results indicate that sphingolipid metabolism plays pivotal roles in the pathogenesis of pulmonary emphysema. S1P receptor (S1PR) modulators have been recently used in the clinical setting. Clinical trials have revealed that S1PR modulators are beneficial in multiple sclerosis and ulcerative colitis. 13 Additionally, several clinical trials of S1PR modulators in CNSrelated, autoimmune, and cancer diseases are currently in progress. 13 In mouse studies, S1PR modulators showed protective effects in various inflammatory lung disease models, including lipopolysaccharide (LPS)-induced endotoxin shock, 14 influenza viral infection, 15 and emphysema induced by VEGF receptor inhibition. 11 Fingolimod, also known as FTY720, is an agonist for S1PR1 and S1PR3-5 16 that eventually downregulates S1PR1. Therefore, fingolimod is known as an S1PR modulator. ONO-4641, used in the present study, is a novel selective agonist for S1PR1 and S1PR5, which, similarly to fingolimod, downregulates S1PR1 and contributes to lymphocytopenia. 17 Therefore, ONO-4641 is also recognized as an S1PR modulator. However, the effects of S1PR modulator administration in other emphysema models, including elastase-induced and CS-induced emphysema, have not been elucidated.
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous cell population generated in the bone marrow from common myeloid progenitor cells that suppress T cell proliferation and function and expand during cancer, inflammation, and infection. 18 Murine MDSCs are defined as cells expressing both CD11b and Gr-1 markers that inhibit T cell activity. 18 It has been previously shown that the S1PR modulator fingolimod ameliorates chronic graft-versus-host disease 19 and immunological hepatic injury 20 in mice through stimulation of MDSC expansion.
In the present study, we used mouse models of COPD, namely porcine pancreatic elastase (PPE)-induced and CS-induced emphysema, and COPD exacerbation generated by pneumococcal infection on the background of elastase-induced emphysema, to examine the effects of ONO-4641, a novel selective agonist of S1PR1/S1PR5 and a functional S1PR1 suppressor. 17 We showed that ONO-4641 ameliorated pulmonary emphysema by augmenting the expansion of immunomodulatory MDSC-like CD11b + Gr-1 + cells and by inhibiting lymphocyte infiltration in the lungs.
RESULTS

ONO-4641 inhibits lung lymphocyte infiltration and causes the expansion of CD11b
+ Gr-1 + cells We first examined whether the S1PR modulator ONO-4641 modulates known immune cell populations in naive wild-type (WT) mice. The mice were intragastrically administered with ONO-4641 (0.3 mg/kg) daily for 7 days, and single-cell suspensions prepared from the lungs and the spleen were analyzed by flow cytometry the day after the last administration. To determine the effect of ONO-4641 on major immune cell populations, we compared the numbers of B cells (B220 + ), NK cells (CD3 − NK1.1 + ), γδT cells (CD3 + γδT + ), and T lymphocytes (CD4 + and CD8 + ) in both the lungs and the spleen of vehicle-and ONO-4641-treated mice. The numbers of lymphocytes, except for that of NK1.1 + cells in the lungs, were significantly lower in ONO-4641-treated animals (Fig. 1a, b) . Notably, ONO-4641 caused a significant expansion of splenic and lung CD11b + Gr-1 + cell populations in naive mice by 2.2-fold and 2.0-fold, respectively (Fig. 1c, d ). In addition, ONO-4641 administration decreased the numbers of B lymphocytes (B220 + ) and T lymphocytes (CD4 + and CD8 + ), and increased the CD11b + Gr-1 + cell population in a time-dependent and dosedependent manner (Supplementary Figure S1a- 18 We confirmed that ONO-4641 stimulated the expansion of both of these CD11b
+ Gr-1 + cell populations, and the Ly-6C:Ly-6G ratio was found to be~1:1 (Fig. 1e) . That ratio was also around 1:1 in vehicle-treated CD11b + Gr-1 + cells (data not shown). Cytospin examination indicated that CD11b + Ly-6G − Ly-6C + and CD11b
+
Ly-6G
+ Ly-6C low cells displayed monocytic and granulocytic morphology, respectively (Fig. 1f, g ).
Previous human and animal studies have suggested that various sphingolipid signaling pathway modulators might have promising therapeutic potential; ceramide-1-phosphate (C1P), an important ceramide metabolite, had a protective effect against CS-induced airway inflammation. 21 Therefore, we evaluated how various modulators of the sphingolipid pathway, including ONO-4641, affected the number of CD11b + Gr-1 + cells. Importantly, ONO-4641 (a selective agonist of S1PR1/S1PR5 and a functional S1PR1 suppressor) 17 and CYM-5442 (a selective S1PR1 agonist and a functional S1PR1 suppressor) 22 increased the percentage and number of lung and splenic CD11b + Gr-1 + cells, whereas another S1PR1-selective agonist, SEW2871, as well as C8-C1P and C16-C1P, had no effect (Fig. 1h, i) Figure S3a-c) . Lung CD11b + Gr-1 + cells from ONO-4641-treated mice showed lower S1PR1 gene expression and higher S1PR5 gene expression compared with that from vehicle-treated mice (Fig. 1j) . Taken together, these results suggest that S1PR1 functional antagonism causes the expansion of CD11b ONO-4641 ameliorates airway inflammation in a mouse model of short-term cigarette smoke exposure In a short-term cigarette smoke (CS) exposure experiment, mice were treated with vehicle or ONO-4641 at 1 h before CS administration for 60 min, once a day for 3 consecutive days.
Then, we performed a histopathological examination and measured cell numbers, assessed cell differentiation, and determined cytokine levels in bronchoalveolar lavage fluid (BALF). CS exposure for 3 consecutive days resulted in increased cell infiltration (Fig. 3a) . Higher numbers of leukocytes, including both neutrophils and macrophages ( Fig. 3b) , and increased levels of pro-inflammatory cytokines (TNF-α, IL-6, IL-1β, CXCL1, and CXCL2) in BALF ( Fig. 3c ) were observed in CS-exposed mice compared to the corresponding levels in controls exposed to normal air. Administration of ONO-4641 1 h prior to daily CS exposure ameliorated inflammation as shown by a decrease in the numbers of neutrophils and macrophages and reduced cytokine levels in BALF (Fig. 3b, c) . Moreover, we observed a lower number of CSinduced neutrophils and lower levels of several cytokines (IL-1β, CXCL1, and CXCL2) in BALF when mice were administered ONO-4641 after CS exposure over a period of 3 days (Fig. 3d, e) . Thus, ONO-4641 not only prevented but also treated early stages of established CS-induced lung inflammation.
ONO-4641 ameliorates elastase-induced emphysema
We studied the effects of ONO-4641 on COPD in a different emphysema model generated by intratracheal instillation of porcine pancreatic elastase. Elastase-induced emphysema is characterized by a substantial infiltration of neutrophils and macrophages within 24 h, followed by lymphocyte infiltration, which destroys the alveolar wall and enlarges airspace, mimicking human emphysema. 6 ONO-4641 dramatically inhibited airway space enlargement and reduced the percentage of lowattenuation area (LAA) and the mean linear intercept (Lm) measured at 28 days after elastase instillation ( Fig. 4a-d) . Examination of BALF elastase-induced emphysema revealed a significant decrease in the numbers of leukocytes (neutrophils and macrophages) (Fig. 4e) and levels of pro-inflammatory cytokines (TNF-α and IL-6) at the indicated time points (Fig. 4f ). In addition, we examined the expression of MMP-12, a protease involved in emphysema progression 6 that is mainly produced by macrophages in the lungs. 6, 39 Co-staining for MMP-12 and the macrophage marker lectin revealed that the number of MMP-12 + lectin + cells was lower in the ONO-4641-treated group than in the vehicle-treated group (Fig. 4g) .
Flow cytometry analysis revealed that ONO-4641 accelerated elastase-dependent expansion of CD11b + lymphocytes were significantly decreased in ONO-4641-treated mice compared with their numbers in vehicle-treated mice (Fig. 4j) .
To investigate the role of the CD11b + Gr-1 + cell population in the elastase-induced emphysema model, we adoptively transferred CD11b
+ Gr-1 + cells isolated from ONO-4641-treated or vehicle-treated mice to elastase-challenged recipient mice. Adoptive transfer of ONO-4641-expanded CD11b + Gr-1 + cells dramatically inhibited airway space enlargement (Fig. 4k, l) , indicating that ONO-4641-expanded CD11b + Gr-1 + cells had a protective effect against elastase-induced emphysema. The number of neutrophils was significantly decreased, while the number of macrophages was significantly increased in the group in which ONO-4641-expanded CD11b + Gr-1 + cells were adoptively transferred (Fig. 4m ). There were no significant differences in cytokine production, including TNF-α, IL-6, IL-1β, CXCL1, and CXCL2, in BALF in both the adoptively transferred vehicle-treated group and the ONO-4641-expanded CD11b + Gr-1 + cell-treated group (Fig. 4n) .
ONO-4641 ameliorates chronic CS-induced emphysema
We also studied the effects of ONO-4641 on COPD using a different and more clinically relevant emphysema model generated by nose-only exposure to CS as previously described. 40 In this model, the infiltration of inflammatory and immune cells and airspace enlargement after prolonged exposure for more than 3 months resemble the responses observed in humans. ONO-4641 administration attenuated airway space enlargement (Fig. 5a ) and also reversed the pathological effects on Lm (Fig. 5b) , destructive index (DI) (Fig. 5c ), end-expiratory lung volume (Supplementary Figure S6a) , and average CT value (Supplementary Figure S6b) . The CT histogram curve measured at 3 months after CS exposure in the lungs of mice with ONO-4641 treatment was shifted toward that of vehicle-treated control mice exposed to normal air (Supplementary Figure S6c) , confirming that ONO-4641 attenuated alveolar destruction in CS-induced emphysema. Examination of BALF from ONO-4641-treated mice with CS-induced , in the lungs (a) and spleen (b) from mice intragastrically treated with vehicle or ONO-4641 (0.3 mg/kg/day) for 7 consecutive days (n = 4 in each group). Data are presented as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. c, d Representative two-parameter histograms (c) and quantification of CD11b + Gr-1 + cells in the lungs and spleen from mice intragastrically treated with vehicle or ONO-4641 (0.3 mg/kg/day) for 7 consecutive days. (n = 4 in each group). Data are presented as the mean ± SEM. *P < 0.05; **P < 0.01. e ONO-4641-expanded CD11b + Gr-1 + cells in the lungs and spleen from mice treated intragastrically or intraperitoneally with vehicle, C8-C1P (40 μg/kg/day), C16-C1P (50 μg/kg/day), SEW2871 (1 mg/kg/ day), CYM-5442 (3 mg/kg/day), or ONO-4641 (0.3 mg/kg/day) for 7 consecutive days (n = 4 in each group). i Quantification of CD11b + Gr-1 + cells in the lungs and spleen from mice treated intragastrically or intraperitoneally with vehicle or the indicated molecules for 7 days (n = 4 in each group). Data are presented as the mean ± SEM. j S1pr1 and S1pr5 expression in CD11b + Gr-1 + cells sorted from the lungs of vehicletreated or ONO-4641-treated mice (Day 7). (n = 3 in each group). Data are presented as the mean ± SEM. **P < 0.01; ***P < 0.001 Sphingosine 1-phosphate receptor modulator ONO-4641 stimulates. . . T Asakura et al.
emphysema revealed significantly lower numbers of leukocytes (neutrophils, macrophages, and lymphocytes) compared to those observed in the BALF of vehicle-treated mice with emphysema ( Fig. 5d ). In addition, we observed comparable levels of several cytokines (TNF-α, IL-6, IL-1β, CXCL1, and CXCL2) in BALF from ONO-4641-treated and vehicle-treated mice with CS-induced emphysema (Fig. 5e ).
Lymphocytopenia and expansion of the CD11b
+ Gr-1 + cell population in the lungs of mice with CS-induced emphysema To further investigate the mechanism underlying the protective effects of ONO-4641 in CS-induced emphysema, we next examined immune cell populations in the lungs of CS-exposed mice. Flow cytometry analysis revealed that ONO-4641 significantly decreased the number of various lymphocyte subsets, including B cells (Fig. 6b) . Mmp12 mRNA expression in the lungs tended to be lower in the lungs of ONO-4641-treated mice, but the effect did not reach statistical significance (Fig. 6c) . In addition, CS exposure enhanced the formation of peribronchovascular cell clusters (Fig. 6d) , and the number of cell clusters in the lungs of ONO-4641-treated mice was significantly lower than that in vehicletreated mice (Fig. 6e) . These results indicate that lower numbers of peribronchovascular cell clusters likely contributed to the protective effects of ONO-4641 in the CS-induced emphysema mouse model. In addition, ONO-4641 accelerated CS-dependent expansion of CD11b + Gr-1 + cells in the lungs (Fig. 6f, g ), which likely also contributed to the protective effects of ONO-4641, as in the case of elastase-induced emphysema (Fig. 4) .
ONO-4641 ameliorates emphysema progression in elastasetreated mice after pneumococcal infection We further studied the effects of ONO-4641 in a COPD exacerbation model generated by pneumococcal infection in mice with elastase-induced emphysema as previously described. 39 This model is characterized by an elevated number of inflammatory cells and increased MMP-12 production in the lungs, as well as enhanced emphysema progression, similar to the response observed in human COPD exacerbation. 41 ONO-4641 administration (0.3 mg/kg once a day at 1 h after pneumococcal infection for 14 days) inhibited emphysema progression and reduced delta LAA measured at 14 days after pneumococcal infection (Fig. 7a) . The numbers of leukocytes (Fig. 7b) and neutrophils (Fig. 7c) , but not of macrophages (Fig. 7d) , in BALF obtained from mice with pneumococcal infection after elastase injection were lower in the ONO-4641-treated group than in the vehicle-treated control. The bacterial load in lung lysates, but not in BALF or blood, from ONO-4641-treated mice 4 days after pneumococcal infection was lower than that in vehicle-treated mice (Fig. 7e) . Flow cytometry analysis revealed that ONO-4641 accelerated pneumococcal infectiondependent expansion of CD11b + Gr-1 + cells in the lungs (Fig. 7f,  g ). We subsequently tried to distinguish ONO-4641-expanded CD11b + Gr-1 + cells from pneumococcus-induced inflammatory granulocytes, which also express CD11b and Gr-1, by using an MDSC marker. As expected, CD244 was highly expressed by ONO-4641-expanded CD11b 
Ly-6G
+ Ly-6C low cells (Fig. 7h) , suggesting that these cells likely obtained an MDSC-like phenotype and contributed to the beneficial effects of ONO-4641. Additionally, ONO-4641 significantly decreased the numbers of B lymphocytes (B220 + cells), CD4 + , and CD8 + T lymphocytes induced by pneumococcal infection in elastase-treated mice (Fig. 7i) . Because we previously reported that both T and B lymphocytes express MMP-12 in this model, 39 we measured the MMP-12 level in these cells. We confirmed that Mmp12 mRNA was upregulated in B lymphocytes (B220 + cells), CD4 + , and CD8 + T lymphocytes. Furthermore, ONO-4641 administration decreased Mmp12 mRNA expression in B lymphocytes (B220 + cells) and CD4 + T lymphocytes in the lungs of pneumococcus-infected mice at day 4 ( Fig. 7j) , suggesting that lower levels of MMP-12-expressing lymphocytes also contributed to the attenuation of emphysema progression. In addition, ONO-4641 treatment significantly decreased the number of apoptotic cells (Fig. 7k, l) , suggesting that ONO-4641 played a protective role at least in part by decreasing apoptosis in elastase-treated mice after pneumococcal infection.
DISCUSSION
In the present study, we report that the S1PR modulator ONO-4641 exerted anti-inflammatory effects in mouse models of COPD, namely elastase-induced and CS-induced emphysema, and prevented pneumococcal infection-induced exacerbation of COPD. In these models, ONO-4641 administration attenuated the recruitment of leukocytes, including neutrophils, macrophages, and lymphocytes, and the production of pro-inflammatory cytokines. Notably, we demonstrated that ONO-4641 stimulated the expansion of immunomodulatory CD11b + Gr-1 + cells in mouse COPD models, possibly contributing to its beneficial effects. In addition, the molecular mechanism of expansion of CD11b
+ cells was at least in part dependent on the ERK signaling pathway.
The S1P/S1PR axis affects a variety of inflammatory immune responses and is implicated in a broad range of diseases, including cancer and inflammatory disorders such as atherosclerosis, inflammatory bowel disease, rheumatic arthritis, acute respiratory distress syndrome, and asthma. 42 The protective roles of S1P/S1PR modulators, widely reported in vivo using translational mouse models of human diseases, have been ascribed to various mechanisms. The main mechanism was thought to be druginduced downregulation of cell surface S1PR1, in lymphocytes through functional antagonism, which causes lymphocytopenia and immunosuppression. These effects could be used for the treatment of autoimmune diseases such as multiple sclerosis and inflammatory bowel disease. 13 Moreover, previous studies have revealed that S1PR modulation enhanced endothelial barrier protection against acute lung injury in vivo. 43 Our studies indicate that in addition to lymphocytopenia, a novel unique cell population, ONO-4641-expanded CD11b + Gr-1 + cells, may also have an important role in counteracting emphysema progression. We observed that ONO-4641 treatment decreased the amount of peribronchovascular cell clusters in the CS-induced emphysema model and reduced the number lung lymphocytes expressing MMP-12 in the COPD exacerbation model. Previous studies have demonstrated that chronic inflammatory responses of T lymphocytes and B lymphocytes contribute to COPD pathogenesis. 5, [44] [45] [46] In COPD patients, the total number of T lymphocytes and B lymphocytes in the lung parenchyma and peripheral and central airways is increased, particularly in those with severe disease. 5, 44 Furthermore, CD8 + T lymphocytes were reported to be required for the development of CS-induced emphysema through the pathogenetic pathway in which IFN-gamma-inducible protein-10 (IP10/CXCL10) induces MMP-12 production. 45 B lymphocytes are also required for emphysema development in mice, as B lymphocyte-deficient mice were found to be protected from CSinduced emphysema. 46 Additionally, lymphocyte aggregates, also called lymphoid follicles, containing activated T lymphocytes and B lymphocytes were shown to be increased in human and mouse emphysema.
5,47 Indeed, we have confirmed the presence of aggregated lymphocytes in the lungs after CS-induced emphysema. We also found that their numbers were decreased by ONO-4641 treatment. Therefore, we speculate that ONO-4641-induced lymphocytopenia likely protects against emphysema progression.
Our 
Ly-6G
− Ly-6C + cells. We also showed that ONO-4641-expanded CD11b
+ Gr-1 + cells demonstrated specific immunoregulatory properties, including increased arginase activity and suppressive effects on T cell proliferation and IFN-γ and TNF-α production in macrophages. These immunoregulatory properties of ONO-4641-expanded CD11b + Gr-1 + cells may also contribute to decreased levels of inflammatory mediators in BALF from ONO-4641-treated mice. We also showed that ONO-4641-expanded CD11b + Gr-1 + cells exhibited higher expression of CD244, a marker reportedly expressed by granulocytic MDSCs at levels correlating with their immunosuppressive properties. 23 Indeed, by using this marker, we could distinguish ONO-4641-expanded CD11b + Gr-1 + cells from mature neutrophils. For the ONO-4641-expanded CD11b + Ly-6G − Ly-6C + cells, it is necessary to distinguish monocytic MDSCs from M2 macrophages because several features including arginase expression, IL-10 production, reduced responsiveness to LPS stimulation, and reduced ability to activate T cell proliferation found in ONO-4641-expanded monocytic MDSCs are also typical of M2 macrophages. 48 However, ONO-4641-expanded CD11b + Gr-1 + cells also show induction of M1 marker genes (Nos2, Tnfa, Il6, and Il1b). In addition, ONO-4641-expanded CD11b + Gr1 + cells fulfill the definition of MDSCs; 49 ONO-4641-expanded cells show the typical phenotype of CD11b
+
Gr1
+ cells and immunosuppressive activity of T cells, including not only inhibition of proliferation but also reduced IFN-γ production. These results indicate that ONO-4641-expanded Ly-6G
−
Ly-6C
+ cells are not typical M2 macrophages but rather monocytic MDSCs.
In addition, we found that out of several tested S1PR1-selective agonists, ONO-4641 and CYM-5442, but not SEW2871, stimulated expansion of CD11b + Gr-1 + cells. CYM-5442 has been reported to be not only an S1PR1-selective agonist but also a functional S1PR1 antagonist, whereas SEW2871 has been reported to be an S1PR1 selective agonist. 22 Therefore, we speculate that the expansion of CD11b + Gr-1 + cells was induced through functional S1PR1 antagonism, which was associated with the exposure to CYM-5442 but not to SEW2871. We believe that functional S1PR suppression, rather than agonist effects, was crucial for the protective effects of long-term ONO-4641 treatment against emphysema progression.
We found that ONO-4641 treatment induced CD11b + Gr-1 + cell expansion in three different emphysema models: elastase-induced emphysema, CS-induced emphysema, and COPD exacerbation of elastase-induced emphysema. However, the roles of CD11b + Gr-1 + cell expansion in COPD are not entirely clear. A previous study demonstrated that current smoking activated circulating MDSCs in non-COPD smokers and COPD patients, as compared to MDSCs in individuals that never smoked. MDSC expansion was observed even after COPD patients quit smoking. 50 Another study showed that an increase in MDSCs correlated with elevated levels of Tregulatory cells or immunosuppressive cytokines in COPD patients. 51 In the present study, we observed expansion of CD11b + Gr-1 + cells after chronic CS exposure without ONO-4641 treatment ("CS + Vehicle" group in Fig. 6f, g ), but not in elastaseinduced emphysema (Fig. 4h) . Based on these previous studies, although we did not evaluate the phenotype of CD11b + Gr1 + cells expanded after CS exposure (without ONO-4641 treatment), and these previous studies focused on MDSCs in peripheral blood but not in the lungs, we speculate that the CS-expanded CD11b + Gr1 + cell population also likely represented immunosuppressive and anti-inflammatory MDSC-like cells. We believe that CS-expanded MDSC-like cells failed to halt emphysema due to moderate (insufficient) levels of expansion, whereas more effective expansion of MDSC-like cells by ONO-4641 treatment could protect against emphysema progression in COPD. Several limitations of the present study should be acknowledged. First, we did not confirm that the ONO-4641-expanded CD11b + Gr-1 + cells were genuine MDSCs, although we have demonstrated that ONO-4641-expanded CD11b + Gr-1 + cells show, in some aspects, an anti-inflammatory MDSC phenotype. Second, we did not evaluate the extent to which the effects of ONO-4641 on CD11b
+ Gr-1 + cell population expansion, lymphocytopenia, and ceramide levels contributed to the protective effects in our emphysema and COPD exacerbation models. As we confirmed the expansion of CD11b + Gr-1 + cell populations in these models and found that adoptive transfer of ONO-4641-expanded CD11b + Gr-1 + cells diminished progression of elastase-induced emphysema, we believe that expansion of the CD11b + Gr-1 + cell population likely plays a major role in ONO-4641 protective effects. Third, we did not determine whether the MDSC-like population could be also expanded by ONO-4641 treatment and whether ONO-4641 would also exhibit protective effects in patients with COPD in the clinical setting. As another S1PR modulator, fingolimod (FTY720), is already in clinical use for other diseases, 2 a clinical drugrepositioning study of ONO-4641 in COPD should resolve these issues in the near feature.
In conclusion, we have demonstrated that ONO-4641 attenuated murine pulmonary emphysema by expanding lung CD11b + Gr-1 + cell populations and inducing lymphocytopenia. The S1P receptor might therefore be a promising target for strategies aimed at ameliorating pulmonary emphysema progression. Further studies are required for a better understanding of the mechanisms underlying the beneficial effects of S1PR modulation in COPD. Fig. 3 Protective effects of ONO-4641 treatment in the mouse model of airway inflammation after short-term CS exposure. a-c Representative images of hematoxylin-eosin-stained lung sections 3 days after air or cigarette smoke (CS) exposure in vehicle-or ONO-4641-treated mice (a); numbers of total cells, neutrophils, and macrophages (b); and the levels of TNF-α IL-6, IL-1β, CXCL1, and CXCL2 (c) in BALF 3 days after CS exposure are shown (n = 2 in air exposure group, n = 8 in each CS exposure group). Data are presented as the mean ± SEM. Mice were exposed to CS for 60 min/day for the indicated periods. ONO-4641 or vehicle was intragastrically injected at 0.3 mg/kg once a day at 1 h before CS exposure for indicated days. Arrowheads denote infiltrated cells. Data are presented as the mean ± SEM. *P < 0.05. **P < 0.01. Scale bar, 50 μm. d, e Mice were exposed to room air or CS for 3 consecutive days with an additional 3 days of exposure to room air or CS. At days 4 to 6, vehicle or ONO-4641 was administered at 0.3 mg/kg once a day at 1 h before CS exposure for the indicated days in the Figure. The numbers of total cells, neutrophils, and macrophages (d) and the levels of TNF-α IL-6, IL-1β, CXCL1, and CXCL2 (e) in BALF at day 6 of the experiment are shown. (n = 4−6 in each group). Data are presented as the mean ± SEM. *P < 0.05
METHODS
Further information can be found in the Supplemental Methods.
Mice
Female WT C57BL/6 J mice (8−10 weeks old) were purchased from CLEA Japan (Tokyo, Japan). The Animal Use Committee at the Keio University School of Medicine approved all animal experiments (protocols No. 12109 and No. 2110).
Preparation and injection of ONO-4641 and other drugs ONO-4641 was provided by Ono Pharmaceutical Co., Ltd (Osaka, Japan) and diluted with 0.5% methylcellulose. ONO-4641 or vehicle was intragastrically injected at 0.3 mg/kg once a day at 1 h before short-term or long-term CS exposure for the indicated periods.
In the elastase-induced emphysema model, ONO-4641 (0.3 mg/kg) or vehicle was intragastrically injected at 1 h before elastase injection, and then every 24 h for consecutive 14 days. In elastase-treated mice after pneumococcal infection, ONO-4641 (0.3 mg/kg) or vehicle was intragastrically injected at 1 h before pneumococcal infection, and then every 24 h for consecutive 14 days. The dose of ONO-4641 was determined on the basis of previous reports. 17 C-8 ceramide-1-phosphate and C-16 ceramide-1-phosphate (Cayman Chemical) were intragastrically injected at 40 and 50 μg/kg, respectively, as previously described.
21 SEW2871 (Cayman Chemical) and CYM-5442 (R&D Fig. 4 Protective effects of ONO-4641 treatment against elastase-induced emphysema in mice. Mice were intratracheally injected with 5 U of porcine pancreatic elastase. ONO-4641 (0.3 mg/kg) or vehicle was intragastrically injected at 1 h before elastase injection, and then every 24 h for consecutive 14 days. a Representative micro-CT images of lung cross-sections in a mouse model of elastase-induced emphysema treated with vehicle or ONO-4641 (Day 28); the low-attenuation areas (LAAs, less than −700 Hounsfield units) are presented in blue. b LAA percentage in mice with elastase or PBS-treated emphysema that were administered vehicle or ONO-4641 at the indicated time points (n = 6−8 in the elastase-treated group, n = 5 in the PBS-treated group). Data are presented as the mean ± SEM. **P < 0.01. c Histopathological examination of lung specimens from mice with elastase-treated emphysema that were administered vehicle or ONO-4641 (Day 28). Scale bar, 250 μm (d) Mean linear intercepts (Lm) were determined as the average of 10 randomly selected fields of each lung obtained from vehicle-treated or ONO-4641-treated mice 28 days after elastase or PBS injection (n = 5 in elastase-treated group, n = 4 in PBS-treated group). Data are presented as the mean ± SEM. *P < 0.05. e, f Numbers of total cells, neutrophils, macrophages (e), and levels of TNF-α, IL-6, IL-1β, CXCL1, and CXCL2 (f) in BALF at the indicated time points after elastase injection (n = 6−8 in elastase-treated group, n = 4-5 in PBS-treated group). Data are presented as the mean ± SEM. *P < 0.05. g Representative dual staining for tomato lectin and MMP-12 in the lungs of mice with elastasetreated emphysema that were administered vehicle or ONO-4641 (Day 7). Scale bar, 50 μm. h−j Representative two-parameter histograms (h), quantification of CD11b + Gr-1 + cells including Ly-6C + and Ly-6G + cells (i), and quantification of lymphocytes (j) in the lungs from mice intragastrically treated with vehicle or ONO-4641 (0.3 mg/kg) once a day for 7 days after elastase injection (n = 5 in each group). Data are presented as the mean ± SEM. ***P < 0.001. k, l Histopathological examination of lung specimens (k) and Lm (l) in elastase-treated mice 28 days after intravenous adoptive transfer of PBS, or vehicle-treated or ONO-4641-expanded CD11b
+ cells (n = 6 or 7 in each group). m, n Numbers of total cells, neutrophils, and macrophages (m), and levels of TNF-α, IL-6, IL-1β, CXCL1, and CXCL2 (n) in BALF at the indicated time points after elastase injection with adaptive transfer of vehicle-treated or ONO-4641-expanded CD11b
. Data are presented as the mean ± SEM. *P < 0.05. ***P < 0.001 Fig. 5 Protective effects of ONO-4641 treatment against emphysema induced by long-term CS exposure in mice. a−c Representative images of hematoxylin/eosin-stained lung sections obtained 3 months after exposure to air or CS (60 min/day and 5 days/week over 3 months) in vehicle-treated and ONO-4641-treated (once a day at 1 h before CS exposure over 3 months) mice (a). Scale bar, 100 μm. Mean linear intercepts (Lm) were determined as averages of 10 randomly selected fields of each lung obtained from vehicle-or ONO-4641-treated mice euthanized 3 months after CS exposure (b) (n = 2 in air exposure group, n = 5 in each CS exposure group). Data are presented as the mean ± SEM. ***P < 0.001. Destructive index (DI) values representing alveolar destruction are shown (c). d Numbers of total cells, neutrophils, macrophages, and lymphocytes in BALF at 3 months after exposure to air or CS of vehicle-treated or ONO-4641-treated mice (n = 3 in airexposed group, n = 4 in each CS-exposed group). Data are presented as the mean ± SEM. *P < 0.05. **P < 0.01. e Levels of TNF-α, IL-6, IL-1β, CXCL1, and CXCL2 in BALF 3 months after exposure to CS (60 min/day and 5 days/week over 3 months) in vehicle-treated and ONO-4641-treated (once a day at 1 h before CS exposure over 3 months) mice (n = 4 in each group). Data are presented as the mean ± SEM Representative hematoxylin-eosin staining of lung sections 3 months after exposure of the lungs to CS with vehicle or ONO-4641 treatment (0.3 mg/kg) once a day at 1 h before CS exposure for 3 months (n = 4 in each group). Arrows indicate sites of peribronchovascular cell cluster formation. Scale bar, 500 μm (upper panel, lower magnification) and 100 μm (lower panel, higher magnification). e Number of peribronchovascular cell clusters in lung tissue at 3 months after air or CS exposure in mice treated with vehicle or ONO-4641 (n = 2 in each air-exposed group, n = 5 in each CS-exposed group). Peribronchovascular cell clusters were counted in all fields of H&E stained lung coronal sections with the largest surface in each mouse. Data are presented as the mean ± SEM. **P < 0.01. f, g Representative two-parameter histograms (f), and quantification of CD11b + Gr-1 + cells (g) in the lungs from mice treated intragastrically with vehicle or ONO-4641 at 3 months after CS exposure (n = 4−5 in each group). Data are presented as the mean ± SEM. ***P < 0.001 Systems, Minneapolis, MN) were intraperitoneally injected once a day for the indicated periods at 1 mg/kg and 3 mg/kg, respectively, according to previous reports. 38, 52, 53 For inhibition of the ERK pathway, the MEK/ERK inhibitor U0126 (Promega, Madison, WI; 5 mg/kg) or vehicle was intraperitoneally injected 30 min before ONO-4641 treatment once a day for seven consecutive days based on a previous report. /mouse) in 0.1 mL of PBS sorted from ONO-treated or vehicle-treated mice were intravenously transferred into mice via tail vein injection 1 h before elastase injection.
In the COPD exacerbation model, the mice were intranasally inoculated with 1 × 10 7 colony-forming units (CFUs) of Streptococcus pneumoniae serotype 6 C at 4 weeks after elastase injection. Clinical specimens were isolated and suspended in 50 µL of sterile PBS as previously described. 39 Mouse models of lung inflammation due to acute and chronic CS exposure Lung inflammation was induced by CS exposure as previously described. 40 In brief, mice were exposed to mainstream CS generated from commercially available filtered cigarettes (Marlboro; Philip Morris, New York, NY) (12 mg tar/1.0 mg nicotine). CS inhalation was achieved by using a SIS-CS system (Shibata Scientific Technology, Tokyo, Japan).
For the acute CS exposure model, mice were exposed to CS for 60 min/day for the indicated periods. For the chronic CS exposure model, mice were exposed to CS for 60 min/day and 5 days/week over 3 months. Mice were killed 3 months after CS exposure.
Micro-computed tomography A micro-computed tomography (CT) system R_mCT2 (Rigaku, Tokyo, Japan) and a Lexus 64 workstation (AZE Ltd., Tokyo, Japan) were used for imaging 14 and 28 days after elastase treatment. We arbitrarily established the threshold for LAA as less than −700 HU in the elastase-induced emphysema model. 56 Bronchoalveolar lavage We performed BALF collection and determined total and differential cell counts as previously described. 57 Enzyme-linked immunosorbent assay TNF-α, IL-6, IL-1β, CXCL1, CXCL2, and CCL2 levels in BALF were measured using enzyme-linked immunosorbent assay kits (R&D Systems) as previously described. 58 Quantitative real-time PCR Total RNA from lung tissue or sorted cells was extracted, reverse transcribed, and subjected to quantitative real-time PCR. 39 The primer sequences for each target gene are provided in Supplementary Table 1 .
Histopathological examination and immunofluorescence Lungs were fixed by intratracheal instillation of 4% paraformaldehyde at a constant pressure of 20 cm H 2 O. Paraffin-embedded 3-μm sections of the lung were stained with hematoxylin-eosin. The detailed protocol for the immunofluorescence studies is provided in the Supplemental Methods.
Lung morphometric analysis To measure airspace size and alveolar destruction, the mean linear intercept (Lm) and destructive index (DI) were determined in 10 randomly selected fields per lung specimen for each mouse as previously described. 40, 59 Bacterial load The right lower lung lobes were harvested and homogenized with 1 mL of PBS. The lung homogenate, blood, and BALF were serially diluted with sterile PBS. Equal volumes of each dilution were applied to trypticase soy agar plates containing 5% sheep blood (BD Trypticase Soy Agar II with 5% Sheep Blood; BD Diagnostics, San Jose, CA) and incubated overnight at 37°C. On the next day, bacterial colonies were counted and expressed as CFUs per mL of solution as previously described. 60 Statistics Data are expressed as the mean ± SEM. Statistical significance of differences between groups was assessed using unpaired Student's t-test or analysis of variance followed by the post hoc Tukey test for multiple comparisons, or log-rank test for survival using Prism 6 software (GraphPad Software; San Diego, CA). All statistical analyses were conducted with a significance level of α = 0.05 (P < 0.05). Fig. 7 Protective effects of ONO-4641 treatment against emphysema progression in elastase-treated mice after pneumococcal infection. a Change in low-attenuation area (delta LAA) volumes in the lungs of pneumococcus-infected mice with elastase-induced emphysema that were treated with vehicle or ONO-4641 (0.3 mg/kg) once a day at 1 h before pneumococcal infection, and then every 24 h for consecutive 14 days. Delta LAA volume was calculated by subtracting LAA volume before infection from the volume at 14 days after infection. (n = 17−19 in each group). Data are presented as the mean ± SEM. *P < 0.05. b−d Numbers of total cells (b), neutrophils (c), and macrophages (d) in BALF at indicated time points after pneumococcal infection in mice with elastase-induced emphysema that were treated with vehicle or ONO-4641 (0.3 mg/kg) once a day at 1 h before pneumococcal infection, and then every 24 h for the indicated periods. (n = 5−6 in each group). Data are presented as the mean ± SEM. *P < 0.05; ***P < 0.001. e BALF, lysate of the whole right lower lung, and blood obtained at day 4 after pneumococcal infection were serially diluted and plated on trypticase soy agar plates. Bacterial loads are expressed as colony-forming units (CFUs) per milliliter. (n = 5−6 in each group). Data are presented as the mean ± SEM. **P < 0.01. f−h Representative two-parameter histograms (f) and quantification of CD11b + cells (h) in elastase-treated mice at day 4 after pneumococcal infection (n = 4 in each group). i, j Lymphocyte subsets (i) and Mmp12 expression in CD4
+ and CD8 + T lymphocytes and B220 + B lymphocytes (j) in lungs from pneumococcus-infected mice with elastase-induced emphysema that were treated with vehicle or ONO-4641 (Day 4; n = 4−6 in each group). Data are presented relative to expression levels in CD4 + cells, CD8 + cells, and B220 + cells in lungs of naive mice as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. k, l Representative TUNEL staining of the lungs (h) and the number of apoptotic cells (i) from pneumococcus-infected mice with elastaseinduced emphysema that were treated with vehicle or ONO-4641 (0.3 mg/kg) once a day at 1 h before pneumococcal infection, and then every 24 h for 14 days. (Day 14; scale bar, 20 μm; n = 7−9 in each group). Data are presented as the mean ± SEM. *P < 0.05 Sphingosine 1-phosphate receptor modulator ONO-4641 stimulates. . . T Asakura et al.
